. Yolzdha'm 227, Japan Sperm whale apomyoglobin was complexed with iron porphine to examine the influence of completely removed heme side chains on the entire molecular structure. Paramagnetic NMR peak from the proximal histidine of the deoxy protein ensured formation of the iron-histidine bond. Porphine pyrrole-proton NMR signals of the cyanmet and deoxy derivatives are unusually sharp single lines manifesting rapid heme rotation about the iron-histidine bond. X-ray crystallographic structure of the cyanmet derivative, determined with a final R factor of 0.21 for 41,808 independent reflections ranging from 7 to 1.8 A, was resolved at 1.8 A resolution. The result confirmed 1:l coupling between apomyoglobin and iron porphine. The cyano ligand adopts a bent configuration with +n Fe-C-N angle of 127" and a Fe-CN distance of 1.89 A. The overall globin structure and side chain conformations are remarkably similar to those of native myoglobin despite intensive disruption of the original heme-globin interactions. The native apoprotein structure unexpectedly conserved even after iron porphine insertion demonstrates that the complex polypeptide fold of holomyoglobin is more inherent in the amino acid sequence than is generally believed.
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Midori-ku, Yolzdha'm 227, Japan Sperm whale apomyoglobin was complexed with iron porphine to examine the influence of completely removed heme side chains on the entire molecular structure. Paramagnetic NMR peak from the proximal histidine of the deoxy protein ensured formation of the iron-histidine bond. Porphine pyrrole-proton NMR signals of the cyanmet and deoxy derivatives are unusually sharp single lines manifesting rapid heme rotation about the iron-histidine bond. X-ray crystallographic structure of the cyanmet derivative, determined with a final R factor of 0.21 for 41, 808 independent reflections ranging from 7 to 1.8 A, was resolved at 1.8 A resolution. The result confirmed 1:l coupling between apomyoglobin and iron porphine. The cyano ligand adopts a bent configuration with +n Fe-C-N angle of 127" and a Fe-CN distance of 1.89 A. The overall globin structure and side chain conformations are remarkably similar to those of native myoglobin despite intensive disruption of the original heme-globin interactions. The native apoprotein structure unexpectedly conserved even after iron porphine insertion demonstrates that the complex polypeptide fold of holomyoglobin is more inherent in the amino acid sequence than is generally believed.
Porphyrins are biologically important aromatic pigments found in, among others, hemoglobin, myoglobin, and cytochromes. The most ubiquitous porphyrin is protoporphyrin IX with several kinds of peripheral substituents. Complete removal of the heme side chains results in the simplest tetrapyrrole compound called porphine (Fischer and Gleim, 1936) . Porphine is the mother nucleus for all of the natural and synthetic porphyrins. Owing to the unique structure and fundamental importance, porphine has been the subject of continuing theoretical and experimental investigations (Chen and Tulinsky, 1972; Frydman et al., 1989; Li and Zgierski, 1991; Radziszewski et al., 1991) . However, porphine has never been characterized as the prosthetic group of hemoprotein. A * This work was supported by a grand-in-aid from the Scientific Research Foundation of Kyoto Pharmaceutical University. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "aduertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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much smaller molecular bulk of porphine, as compared with protoporphyrin, implies its possible incorporation into the protein matrix. It will be of primary interest to introduce the smallest prosthetic group into the simplest hemoprotein, myoglobin.
The heme in myoglobin is not only essential for function but also plays an important role in maintaining the native tertiary structure (Harrison and Blout, 1965; Breslow et al., 1967; Chang et al., 1984; Lecomte and Cocco, 1990; Evans and Brayer, 1990; Zhang et al., 1991) through a number of specific heme-globin contacts (Takano, 1977) . Several years ago, the myoglobin reconstitution work in our laboratory revealed that rneso-tetraalkylhemins rotate about the iron-histidine bond (Neya and Funasaki, 1987) . Porphine is the tiniest homolog of rneso-tetraalkylporphyrins. The simplest molecular structure of porphine infers that the heme-protein interactions in native myoglobin will be intensively modified if it is inserted into the heme pocket. In view of the proposed roles of the heme side chains in maintaining protein structure, characterization of the myoglobin complexed with iron porphine would be of particular importance. How does the porphine bind to apomyoglobin and how does the globin fold under extremely modified heme-globin interactions? These research interests led us to detailed structural analyses of porphine-substituted myoglobin by proton NMR and x-ray crystallography. We demonstrate here the structural integrity of the myoglobin reconstituted with iron porphine. On the basis of the resolved molecular structure, we will evaluate role of the heme-globin contacts in maintaining characteristic myoglobin conformation.
MATERIALS AND METHODS
Iron Porphine-Porphine was synthesized with the reported method (Krol, 1959) . Sample identity was checked by comparing the spectrum with that reported in the literature (Krol, 1959) . Ferric porphine chloride was obtained by refluxing porphine in dimethylformamide with FeClz followed by oxidation with air (Adler et al., 1970) . The crude product was loaded on a silica gel column equilibrated with chloroform. The purified ferric porphine, eluted from the column with 90% chloroform, 10% methanol (v/v), was recrystallized from the elution solvent as fine black needles. Elemental analysis calculated for C20H1zN4FeC1: C, 60.11; H, 3.03; N, 14.02. Found C, 60.38; H, 2.95; N, 13.95 . Proton NMR (CDCls) 6 +78.7 (SH, br s, pyrrole H), -61.8 (4H, br s, meso H). The pyridine hemochromogen of iron porphine was generated in 50% dimethylformamide, 50% pyridine (v/v) mixture by adding a small volume of aqueous Na2S204, as described for etiohemin (Neya et al., 1989) .
Reconstituted Myoglobin-Sperm whale myoglobin was available from Sigma (type 11). Apomyoglobin, prepared with the methyl ethyl ketone procedure (Teale, 1959) , was combined with a 2-molar equiv-alent of ferric porphine chloride, and the crude mixture was purified with column chromatography on carboxymethylated-cellulose (Whatman, CM52) as reported for etiohemin-substituted myoglobin (Neya et al., 1989) . The eluted fractions with an absorbance ratio Asomt/ Amnrn > 3 were collected. The chromatographic purification is essential to prepare diffraction quality crystals. The cyanmet and deoxy derivatives were obtained by adding KCN or Na2S20, in 0.1 M Tris buffer, pH 7.0, to the purified protein.
Spectroscopy-Electronic absorption spectra were obtained with a Shimadzu MPS-2000 spectrophotometer equipped with a tbermostated sample compartment. Proton NMR spectra at 300 MHz were recorded on a Varian XL-300 spectrometer. Typical spectrum, consisting of 3,000-5,000 transients, was collected by using 24K data points over 60 kHz band width. Signal to noise ratio was improved by exponential apodization which introduced 5 Hz line-broadening. Chemical shifts were referenced against internal 2,2-dimethyl-24-lapentane-5-sulfonate with a positive sign for downfield resonances. Heme concentration of the NMR sample was 3 mM. Solvent was exchanged from H20 to D20 on an Amicon ultrafiltration apparatus for proton NMR work. The pD values of the NMR samples are the direct reading of a pH meter, Toko Kagaku TP-1000, connected with a combination electrode.
X-ray Crystallography-Crystals grown by the hanging drop method in previous work (Sato et al., 1992a) did not diffract beyond 2.2 8, resolution to fail to locate the CN ion in the electron density map. In the present study, a higher concentration of (NH,),SOa was utilized with the batch crystallization method to get crystals suitable for the high resolution study. An aqueous solution of 0.42 mM myoglobin in 50 mM Tris buffer, pH 7.0, was left standing at 5 "C in a glass test tube for approximately 2 weeks after addition of 3.7 M (NH4)2S04 and 10 mM of KCN. Among the amorphous protein precipitates, a large crystal of 1 X 0.7 X 0.5 mm3 appeared, which has the same space group of P212121 with the previous crystal. However, The 1.8-A resolution intensity date were collected from a single myoglobin crystal at 20 "C on Rigaku R-AXIS IIc (Sato et al., 199293 , using graphite-monochromatized Cu-Ka radiation (X = 1.5418 A). The data were scaled and merged with the method of Fox and Holms (1966) . Crystal data and intensity collection parameters are summarized in Table I .
X-ray Data Refinement-The starting model of the present myoglobin is our lower resolution prototype (Sato et al., 1992a) . After 50 cycles of the preliminary rigid body refinement (Briinger, 1989) , the model was successively refined with the program of PROFFT (Finzel, 1987) and 11,808 independent reflections between 7 and 1.8 8, resolution, with IF1 > 3a( IFI). A cyano ligand and several water molecules could be located on the difference Fourier map during the refinements and were included in the subsequent cycles. The R factor was converged until 0.21, with the individual temperature factors, including the ligand and 28 water molecules. The target U-values and final Root-mean-squares deviation from an ideal geometry are outlined in Table 11 . The coordinates and temperature factors of the final atomic model will be deposited in the Protein Data Bank.
RESULTS
Iron Porphine-Before the details of porphine myoglobin are described, we first characterize the electronic spectra of the prosthetic group. Fig. 1 shows the visible absorption of ferric porphine chloride with split Soret peaks at 364 and 393 nm. It has been suggested that the porphyrin Soret band arises from overlapping contributions of the al , + eg and az , + eg electronic transitions (Weiss et al., 1965) . The split peaks suggest removal of degeneracy of the al, and az, orbitals. The entire spectrum is essentially the same as those of other five coordinate ferric high spin porphyrins (Falk, 1964) . The blue-shifted Soret maxima, as compared with protohemin, is explained in terms of absence of electron with drawing vinyl and propionyl side chains in porphine.
Pyridine hemochromogen spectra of iron porphyrins have been used for quantitative determination of the reconstituted proteins (Antonini and Brunori, 1971) . Fig. 1 includes the 
, where Gi is * Blind region was considered.
the inverse scale factor, Zi(h) the diffraction intensity of the symmetry equivalent reflections, and (Z(h)) the mean value of Zi(h) values. hemochromogen spectrum of iron porphine with main bands at 398 (114 mM" cm-'), 506 (12.5), and 535 (7.5) nm. With this spectrum, the millimolar extinction coefficients of the Soret peaks for the cyanmet and deoxy derivatives were determined to be 116 and 137, respectively. Electronic Absorption of Myoglobin-In Fig. 2 are presented the absorption changes associated with the cyanide binding to the ferric protein. Analysis of the 406-nm transitions with the method of Brown (1979) afforded a binding constant of (0.93 2 0.10) X IO6 M-'. No appreciable changes were observed above 0.1 mM of cyanide, suggesting occupancy of the fifth coordination site by an internal protein ligand. Sodium azide also binds to the ferric myoglobin with an equilibrium con- (results not shown). Fig. 3 illustrates the UV visible spectra of the cyanmet and deoxy myoglobins. The peak maxima at 401 and 530 nm of the cyanmet derivative compare well with those of native protein (Rothgeb and Gurd, 1978) . The blueshift by 10 nm of the porphine compound could reflect the heme side chain difference. A large absorbance ratio Asoret/ Azso nm of 4.0 (Fig. 3) is indicative of the high purity of the reconstituted myoglobin. The deoxy protein has a Soret maximum at 414 nm. Comparison of the spectra between the deoxy myoglobins reconstituted with porphine and "stripped heme" (Chang et al., 1984) illustrates the side chain effect more obviously. According to Chang et al. (1984) , the absorption maxima of the deoxy myoglobin with stripped heme, i.e. an iron porphine with two propionates at the 6th and 7th positions, are observed at 522 and 544 nm. The blue-shifted peaks to 520 and 535 nm in porphine deoxy myoglobin are consistent with deletion of the electron-withdrawing heme side chains.
Proton NMR-The proton NMR of paramagnetic hemoprotein provides useful information about heme electronic state and globin tertiary structure (Goff, 1983) . Proton NMR is especially applicable to porphine myoglobin because the eight pyrrole-protons attached to porphine rim, easily identified in the spectra, serve as an excellent structural probe. In the upper panel of Fig. 4 is presented the NMR spectrum of the cyanmet derivative. The prominent peak at -18.7 ppm' is readily assigned to the pyrrole-protons of porphine from the spectral comparison with the model complex (Wuthrich, 1970) and other myoglobins (Neya and Funasaki, 1987) . The spectrum in the -2 to -10 ppm region, arising from the ringcurrent effect of porphyrin, is sensitive to the geometry of the surrounding residues. The spectral similarity in this region between native (Johnson et al., 1983) and present myoglobins implies conservation of the original heme environmental structures after porphine insertion.
Reduction of the iron results in a remarkable downfield shift of the pyrrole-protons. The pyrrole-protons of the deoxy myoglobin appear at +55.9 ppm as a single peak (Fig. 4, lower  panel) . The assignment is unambiguous because only the pyrrole-protons are able to exhibit such a large bias in the ferrous high spin state Momenteau, 1985) . The NMR spectrum recorded in HzO solvent resolves an exchangeable signal at 82.6 ppm. Appearance of the single exchangeable line suggests that the iron-porphine interaction is highly specific. On the established assignment for native myoglobin , the 82.6-ppm resonance is assigned to the NH proton of the proximal histidine. It should be noted that the peak is diagnostic of the iron-histidine bond formation in porphine-bound myoglobin because the large contacts-shift reflects iron-spin transfer through the ironhistidine linkage .
Another characteristic NMR result is the equivalence of the eight protons at the porphine boundary. Once iron porphine is placed in the hydrophobic protein cleft, the protons would be inequivalent to exhibit a multiline spectrum (Shulman et al., 1971; Goff, 1980 Goff, , 1983 . Contrary to expectations, the single peaks of porphine protons are observed for the cyanmet and deoxy myoglobins (Fig. 4) . The results indicate vanishing of asymmetric perturbation from surrounding globins. We have pointed out that hemin with small volume efficiently rotates about the iron bond (Neya and Funasaki, 1987) . The single proton resonances of the smallest porphine must arise from rapid heme rotation. Porphine hopping in myoglobin is even more accelerated than the bulkier mesotetraalkyl homologs. The linewidth of the -18.7-ppm signal of the cyanmet complex, 70 Hz (Fig. 4) , is about half of 145 Hz for the corresponding signal observed in the meso-tetramethylhemin compound (Neya and Funasaki, 1987) . Accelerated porphine rotation is evident for the deoxy derivative as well as from the NMR comparison with the myoglobin containing meso-tetrapropylhemin .
X-ray Crystallography-The above NMR results suggest total disruption of the stereospecific heme-globin contacts due to the rotating prosthetic group. We set out to analyze the crystal structure of porphine-substituted myoglobin to examine how the disrupted heme-peripheral interactions affect the heme geometry and entire molecular conformations. In the previous study (Sato et al., 1992a) , the heme was found to be disordered or mobile in the crystal. In the present work, the structure canobe unambiguously refined with the diffraction data of 1.8-A resolution from a high quality of crystal The abbreviation used is: ppm, part/million. grown in an increased concentration of (NH4)2S04. The final model is composed of 6242 protein atoms, one cyano ligand, and 28 water molecules. As indicated in Table 11 , the structure has almost ideal stereochemical parameters. The details in conformation will be depicted below.
Heme and Its Environment- Fig. 5 shows the porphine and its surrounding superposed on the electron density map. Contrary to our previous result (Sat0 et al., 1992a) , the CN ligand and porphine core are unambiguously fixed in the present refined electrop density map. The iron atom is displaced only slightly, 0.03 A, out of the least-squares plane including*the 25 porphine atoms. The Fe-N(pyrro1e) distance is 2.0 A in average. These coordination features compiled in Table I11 are consistent with the 6-coordinate low spin state of the heme iron (Scheidt and Reed, 1981) . Proxoimal Hisg3 ligates to the iron with an Ft-N distance of 2.22 A, to be compared with 2.3, 2.1, and 2.1 A of cytochrome c peroxidase (Poulos et al., 1978) , erythrocruorin (Steigemann and Weber, 1979) , and lamprey hemoglobin (Honzatko et al., 1985) , respectively. The iron-bound CN is clearly resolved with the Fe-CN length of 1.89 A. The CN, packed within a cavity effectively formed by Phe43, HisM, Valw, Ledo7, and heme, is in a bent configuration with an Fe-C-N angle of 127 ". The bent geometry, similarly found in many other cyano hemoproteins (Deatherage, 1976; Poulos et al., 1978; Steigemann and Weber, 1978; Honzanko et al., 1985) , derives from steric constraint imposed by the side chains of the above surrounding residues. The unfavorable interactions around CN slightly bend the Fe-C bond to {he heme normal by 4.8". The CN-N, (His6") distance is 3.61 A and a putative hydrogen atom on N, (Hisa) is markedly off the CN-N, (His6") axis. Consequently, a hydrogen bonding between the CN and His6" is unlikely to be formed.
Porphine is inserted deeper into the crevice by 0.62 A in an orientation almost identical with the protoheme (Takano, 1977) . The buried porphine is recognized by the 5 residues of Phe43, His6", Hisg3, Hisg7, and IleW. In addition to the coordination bond of Hisg3, the weak "face to face" van der Waals contacts and the T-K interactions with the aromatic rings of Phe43 and Hisg7 appear crucial for the porphine recognition. Absence of any substituents in porphine causes conformational changes of several peripheral side chains in the heme pocket. Arg45, originally hydrogen-bonded to the sixth hemepropionate (Takano, 1977) , swings out of the heme pocket to be exposed to the solvent. Another hydrogen bond between Hisg7 and the seventh heme-propionate (Takano, 1977) is also missing. Hisg7 imidazole, however, retains original configuration keeping contact with the heme. These and other structural rearrangements at the direct heme vicinity are summarized in comparison with native myoglobin in Table IV . Effective contacts within 4 A of heme are reduced to 70% of the original to seriously relieve the steric constraint around the porphine.
Globin Conformation-Current high resolution structural determination allows us detailed structural comparison with native myoglobin. For graphic comparison of the backbone structures, the resolved model is superposed in Fig. 6 on the globin skeleton of Takano (1977) . The original globin fold is essentially conserved in the reconstituted myoglobin; the ?vera11 positional deviation for all of the C, atoms is only 0.77 A. However, close inspections reveal significant variation. Intensive C, deviations around the two termini may be attributed to varied molecular contacts in the crystal. Another deviation of the C, positions segregated into the six parts of globin is shown in Fig. 7 . A larger displacement of Pro37 (2.40 A) may be a cause of the displacement of helix C as in Table  V . Sperm whale myoglobin has 4 proline residues dispersed over the molecule. It is noteworthy in Fig. 7 that Pross, Pro'O0, and Pro'" also exhibit C, displacement larger than 1.3 A. The possibility exists that the marked displacement of the C,)s in the four stiff pyrrolidone rings is intermolecular compensation of conceivable distortion in apomyoglobin. The C, of Aspso moves up to 1.4 8, because Asprn makes a new hydrogen bond with Asp'26 on the adjacent molecule and loses the original hydrogen bond with Arg5 whose side group moves the most as stated above. The C, ' s in the 43rd to 50th residues of the CD loop were affected by the rearrangements of its contacted groups of Arg45, Hisa, and the heme. The C, bias suggests the role of the CD region as a flexible joint for the two helices. Removal of the heme side chains appears to have a negligible effect on the conformation of the constituting helices as well. The eight helical segments remain intact and contain more than 80% of the residues as indicated in Table V . The side chains of most globin residues, except for Arg45 and some terminal residues, essentially take up the native conformations.
DISCUSSION
Structural and Functional Integrity-Iron porphine and apomyoglobin, after chromatographic purification, form a stable complex with reproducible visible and NMR spectra. Iron porphine binding to apomyoglobin in solution is supported by the NMR trace of the deoxy derivative in Fig. 4 . The integrated intensity ratio, h . 9 ppm/18Z.B ppm = 8.9 f 0.9, agrees well with the theoretical value of 8.0 as expected from 1:1 binding of the two components. It is noteworthy that the proximal histidine signal exhibits an anomalously large shift up to 82.6 ppm. Since such a large shift is induced by iron-spin transfer through the iron-histidine bond , the histidine signal ensures formation of the iron-histidine bond. The specific porphine binding to myoglobin in crystal is definitely confirmed by the present x-ray analysis. The result is not surprising since insertion of bulkier hemins into myo- globin cleft is well established (Takano, 1977; Chang et al., 1984; Neya and Funasaki, 1987; Neya et al., 1988b; Hauksson et al., 1990) . Functional homogeneity of the present preparation is assured from the above cyanide and azide titration results, where single ligand bindings are observed. We have already reported the CO-binding kinetics of ferrous porphine myoglobin (Sato et al., 1992a) . The kinetic traces on CO association and dissociation exhibit simple exponential decay, suggesting apparently normal function of the myoglobin with iron porphine.
Heme Mobility-Many modern spectroscopies reveal slight conformational and mobility differences between the solution and crystalline proteins. As illustrated in the NMR traces in Fig. 4 , porphine is rapidly rotating in a solution of myoglobin irrespective of the oxidation, spin, and ligation states of the iron. In crystal, porphine mobility is much suppressed. Lowered porphine mobility in the crystal structure may be attributed to inelasticity of the globin. Chance et al. (1966) reported that micro crystals of myoglobin bind with azide much more slowly than the solution protein due to reduced protein flexibility. With x-ray absorption fine-structure, they further Gemonstrated that the Fe-N(pyrro1e) bond is shorter by 0.05 A in less flexible crystalline globins (Zhang et al., 1991) . Apparently decreased heme mobility in our myoglobin crystals is in accordance with the results of Chance et al. (1966) and Zhang et al. (1991) .
Conserved Molecular Structure-The above x-ray analysis provides the first concrete picture of globin under extremely modified heme-protein interactions. The significant result is that porphine-substituted myoglobin assumes virtually the same conformation as native protein. The fundamentally conserved molecular structure is the most unexpected because severe globin deformation is reasonably inferable from the extremely loose fit of the porphine.
Breslow et al. (1967) showed that protoporphyrin without central iron can be complexed with apomyoglobin to produce stable iron-free myoglobin. Tertiary structural similarity between native and iron-free myoglobins has been pointed out (Harrison and Blout 1965; Breslow et al., 1967; Lecomte and Cocco, 1990) . The results, combined with the independent reconstitution works (Chang et al., 1984; Sano, 1979) , were interpreted as indicating that the specific contacts between globin and protoporphyrin side chains are important to recover native globin fold for partially unfolded apomyoglobin (Harrison and Blout, 1965; Cocco and Lecomte, 1990) . The myoglobin complexed with iron porphine is a unique counterpart of protoporphyrin-bound myoglobin (Breslow et al., 1967) with regard to the presence of central iron and the absence of heme side chains. Porphine myoglobin forms a iron-histidine bond while iron-free myoglobin does not. Moreover, the iron porphine in solution myoglobin is dynamically rotating about the heme axis in sharp contrast with the static protoporphyrin . It should be recalled that the native polypeptide fold is well conserved in porphine myoglobin (Fig. 6) . As has been recently reviewed (Wuthrich, 1989 ), a consensus is reached that protein structures in solution and crystal are much alike. The same will be true of the porphine- substituted myoglobin. The ability of apomyoglobin to accommodate iron porphine without serious overall deformation suggests that myoglobin has a wide range of capabilities for the prosthetic group and that absence of t h e specific hemeglobin contacts has little inexpedient influence on the molecular structure. These observations, together with the result of the iron-free myoglobin (Breslow et al., 1967; Lecomte and Cocco, 1990) , lead us to suggest that neither the specific hemeperipheral contacts nor the iron-histidine bond is the critical requirement to reorganize apomyoglobin into the native globin fold. Structural conservation is quantitatively demonstrated by the position of most (2, ' s and the conformation of helices. The persistency of these structural elements and overall globin-fold against the most intensive disruption of the highly specific heme-globin interactions, as is revealed in the present work, demonstrate that the complex molecular shape of holomyoglobin is more inherent in the amino acid sequence than is generally believed.
